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(Trichosurus vulpecula)	 and	 rodents	 (Rattus rattus,	
R. norvegicus,	R. exulans	and	Mus musculus)	sometimes	
include field application of bait containing the second-
generation	coumarin	anticoagulant	brodifacoum	(e.g.	




invertebrates (e.g. Craddock 2003). The first-generation 
indandione	 anticoagulant	 diphacinone	 used	 in	 bait	
station	applications	is	therefore	being	investigated	as	an	
effective	but	less	persistent	alternative	to	brodifacoum	





It	 has	 been	 suggested	 that	 anticoagulants	 lack	




(Booth	 et	 al.	 2001).	 Diphacinone	 is	 considered	
‘moderately	 toxic’	 to	 the	 freshwater	 invertebrate	
Daphnia magna	(US	EPA	1998).	While	there	appear	
to	be	no	comparable	data	regarding	the	acute	toxicity	
of	 diphacinone	 to	 terrestrial	 insects,	 there	 are	 early	
reports	 of	 insecticidal	 properties	 in	 compounds	
structurally	related	to	diphacinone	(2-(diphenylacetyl)-
1,3-indandione).	 For	 example,	 isomeric	 valeryl-1,3-
indandiones	 exhibit	 strong	 insecticidal	 properties	


















toxicity and feed on baits could carry significant 








residues in field conditions has not been assessed fully, 
perhaps	because	of	the	relative	scale	and	complexity	






and	 saddleback	 (Philesturnus carunculatus)	 (Gibbs	
1998).	We	sought	to	measure	diphacinone	residues	in	the	
bodies	of	weta	after	they	had	fed	on	baits	for	different	
periods	 of	 time,	 to	 provide	 a	 basis	 for	 theoretical	
assessments	 of	 the	 secondary	 hazards	 to	 predators	
and scavengers of weta following field applications 
of	diphacinone	baits.
Methods
Capture, housing, and husbandry of weta
Thirty-eight	adult	and	late-instar	juvenile	Wellington	







housed	 individually	 in	 cylindrical	 plastic	 containers	
approximately	200-mm	diameter	×	300	mm	high,	with	
close-fitting ‘clip-on’ plastic lids. Each housing unit 
had	two	or	three	ventilation	holes	(approximately	2-cm	
diameter)	in	the	sides	of	the	container,	covered	over	




of each unit and filled with water so that they could 
hold	sprigs	of	plants	as	food.	Each	unit	contained	a	
shelter made from hollow flax-flower stalks (150 mm 
long),	split	in	half	and	then	held	together	with	rubber	
bands.	The	housing	containers	were	kept	under	natural	
photoperiod	 on	 a	 laboratory	 benchtop	 out	 of	 direct	
sunlight,	 with	 ambient	 room	 temperature	 ranging	
from	10	to	25°C,	and	humidity	of	50–75%,	maintained	
by	misting	with	tap	water.	Weta	were	checked	twice	
weekly and visually confirmed to be alive for 1 month 
before	trials	began.
Native	plant	material	was	used	as	maintenance	diet.	
Sprigs of five to eight leaves of five-finger (Pseudopanax 











Diphacinone bait consumption, survival and 
residues in weta
Pilot trial
To	 ascertain	 whether	 weta	 were	 likely	 to	 feed	
continuously	on	diphacinone	baits	 and	whether	 this	
would	 result	 in	 mortality,	 four	 weta	 (2	 females,	 2	
males)	were	presented	with	a	Ditrac®	block	bait	(Pest	
Management	Services,	Paraparaumu,	NZ)	placed	on	













least	 3	 weeks’	 exposure	 to	 diphacinone	 baits	 (see	











was recorded and weta were confirmed to be alive at 




























acetone	 for	 application	 to	 a	 solid-phase	 extraction	
column	 for	 clean-up.	 The	 eluent	 from	 the	 column	










weta	 for	 ambient	 changes	 in	 bait	 weight	 (moisture	
content).	By	 the	 end	of	 the	 trial,	 these	 baits	 gained	
weight,	with	a	mean	increase	of	2.68%,	and	appeared	





From this figure, diphacinone intake by weta was 
estimated	at	each	sampling	interval	using	the	measured	
concentration	of	52.5	µg	diphacinone	per	gram	of	bait	
(52.5	ppm),	adjusted	according	 to	 the	weight	of	 the	
individual	weta	at	sampling	(i.e.	intake	as	micrograms	
of	diphacinone	per	gram	weta	bodyweight).
The	amount	of	bait	 consumed	 (or	 removed)	by	
weta	as	a	proportion	of	their	starting	bodyweight	was	
analysed	using	weighted	regression	 in	a	generalised	
linear	model	 in	Genstat	 (Genstat	Committee	 2005).	
There	 was	 considerable	 heterogeneity	 in	 the	 data.	
The	relative	growth	rate	of	weta	between	the	pretrial	
acclimatisation	 and	 trial	 periods	 (i.e.	 bodyweight	
gained,	 in	 g	 g–1	 day–1)	 was	 also	 compared	 using	
weighted	regression.
Results
The	 weta	 brought	 into	 captivity	 ate	 the	 plant	 food	








Diphacinone bait consumption, survival and 
residues in weta
Pilot trial
All	 four	 weta	 survived	 the	 trial,	 appearing	 healthy	














0.6	 g	 over	 the	 trial.	 Laboratory	 analysis	 showed	 that	























Spiked	 samples	 analysed	 alongside	 the	 whole	
weta	yielded	estimates	of	86,	82	and	76%	recovery	
of	 diphacinone.	 The	 method	 detection	 limit	 for	
diphacinone	in	invertebrate	tissue	was	0.2	µg	g–1,	with	
an	uncertainty	(95%	CI)	of	±20%.
There was a small, but significant decrease in 
the	residual	concentration	of	diphacinone	in	the	weta	
over time (weighted regression slope = −0.0441, SE 
=	0.0123,	 t24	=	3.59,	P	=	0.002).	The	mean	 (±	SE)	
concentrations	of	diphacinone	in	weta	showed	a	slight	






(± SE) figures of 11.44 ± 0.88 µg diphacinone (day 1), 
14.42	±	4.36	µg	(day	4),	9.91	±	5.06	µg	(day	8),	8.06	
±	11.68	µg	(day	16),	6.27	±	0.92	µg	(day	31)	and	3.64	
±	 1.74	µg	 (day	64).	The	most	 residual	 diphacinone	
calculated	to	be	present	in	a	single	weta	was	24.99	µg,	
in	a	4.23-g	female	sampled	on	day	4.
Exposure	 to	 diphacinone	 baits	 did	 not	 appear	
to	adversely	affect	weta	bodyweight.	In	fact,	weight	












equivalent to 31.0, 29.5 and 8.09 μg diphacinone per 
gram	 bodyweight.	 Respective	 residual	 diphacinone	
concentrations	in	these	weta	were	7.9,	3.6	and	2.2	µg	g–1.	
These	weta	were	excluded	from	the	overall	statistical	





















































A	wide	 range	of	New	Zealand	 invertebrate	 species,	
including	weta,	have	been	reported	to	eat	cereal-based	










the initial finding of baits by captive weta in our study, 
steady	 consumption	 over	 time	 suggests	 they	 were	
returning nightly to feed on an identified palatable food 





No	 adverse	 effects	 of	 the	 consumption	 of	 the	
Ditrac	wax	block	baits	were	detected	in	weta	during	our	
trial. This finding adds to recent studies indicating that 
insects	in	general	have	a	much	lower	susceptibility	to	
anticoagulants	than	mammals.	Craddock	(2003)	found	
that	captive	 locusts	 (Locusta migratoria)	 fed	 readily	
on cereal-based brodifacoum baits with no significant 
increase	in	mortality.	Bowie	and	Ross	(2006)	found	no	
significant difference in weight loss of captive cave weta 
(Pleioplectron simplex)	or	ground	weta	(Hemiandrus	
sp.)	 offered	brodifacoum	bait	 for	 60	days	 compared	
with	weta	offered	non-toxic	bait.	Although	mortality	
appears	 unlikely	 in	 weta	 feeding	 on	 diphacinone	






processes	 also	occur	 in	other	 tissues	 (Vermeer	 et	 al.	
1992),	 and	 these	 carboxylase	 enzyme	 systems	 are	
generally	distributed	in	invertebrate	systems	(Walker	
et	al.	2001).	Caution	should	be	used	in	extrapolating	
a	 general	 lack	 of	 acute	 effects	 of	 anticoagulants	 in	
arthropod	species	 to	nil	effect	 in	other	 invertebrates,	
or to nil effect on the long-term reproductive fitness of 
arthropods	exposed	to	baits.	For	example,	there	is	limited	
evidence	 for	 mortality	 in	 molluscs	 (e.g.	 Gerlach	 &	
Florens	2000;	Primus	et	al.	2005)	and	earthworms	(Booth	
et	 al.	 2003)	 following	 relatively	 high	 environmental	
exposures	to	brodifacoum.
Weta	 eating	 Ditrac	 bait	 over	 time	 did	 not	
accumulate	 diphacinone	 beyond	 a	 maximum	 of	














of	 residues	 in	weta	 tissues	 is	 probably	 irrelevant	 as	











cause	 death	 in	 50%	 of	 a	 population)	 reported	 for	 a	




906 μg g–1 (95% CI 187–35 107 μg g–1)	for	mallards	
(Anas platyrhynchos)	 (US	 EPA	 1998).	 The	 highest	
weta	residue	concentration	detected	 in	 this	 trial	 (7.9	
μg g–1)	was	approximately	six	times	less	toxic	than	the	
diphacinone	concentration	in	the	Ditrac	bait	blocks,	and	

















for diphacinone remain largely unquantified, and 
investigation	in	terms	of	lethal	or	sublethal	outcomes	
in	 birds	 feeding	 regularly	 on	 diphacinone	 bait	 or	
contaminated	weta	is	warranted.
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Persistence	 of	 residues	 in	 invertebrates	 is	 an	
important	determinant	of	the	likelihood	of	secondary	
exposure.	 We	 located	 no	 published	 reports	 of	 the	
persistence	of	diphacinone	in	invertebrates.	However,	
published	studies	indicate	that	brodifacoum	residues	





excreted	 brodifacoum	 rapidly,	 indicating	 that	 long-
term	bioaccumulation	was	unlikely	(Craddock	2003).	
However, a field-based study showed that brodifacoum 






















values.	 In	 this	 context,	 a	 comparative	 study	 of	 the	
persistence	of	brodifacoum	and	diphacinone	residues	
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